The fragile X syndrome is caused by the lack of fragile X mental retardation protein (FMRP) attributable to silencing of the FMR1 gene. 
Introduction
Fragile X syndrome, the most common inherited form of human mental retardation and an identified cause for autism, is caused by mutations of the FMR1 gene that encodes the fragile X mental retardation protein (FMRP) (Feng et al., 1995; Jin and Warren, 2003; Belmonte and Bourgeron, 2006; Huber, 2007) . FMRP, an mRNA binding protein, is believed to play an important role in activitydependent synaptic plasticity through biochemical regulation of local protein synthesis at synapses (Greenough et al., 2001; Huber et al., 2002; Bagni and Greenough, 2005) . The abnormal functions of group I metabotropic glutamate receptor (mGluR)-dependent synaptic plasticity have been observed in hippocampus of Fmr1 knockout (KO) mice (Huber et al., 2002; Bear et al., 2004; Hou et al., 2006; Nakamoto et al., 2007) . The function of group I mGluR activation require the translation of preexisting mRNA near active synapses. FMRP normally functions as a repressor of translation of specific mRNAs (Greenough et al., 2001; Bear et al., 2004; Bagni and Greenough, 2005; Grossman et al., 2006) . It is possible that the protein synthesis-dependent functions of mGluR activation are exaggerated because of the lack of FMRP in fragile X syndrome (Bear et al., 2004; Hou et al., 2006) .
Recent studies from animal models reveal that the anterior cingulate cortex (ACC) plays an important role in cognitive learning, fear memory, and persistent pain (Frankland et al., 2001 (Frankland et al., , 2004 Han et al., 2003; Zhao et al., 2005b; Zhuo, 2006 Zhuo, , 2008 . Trace fear memory is sensitive to attention-distracting stimulation and requires the activity of ACC (Han et al., 2003) . Attention control difficulties have been observed in fragile X patients (Scerif et al., 2007) . Interestingly, trace fear memory is impaired in Fmr1 KO mice, accompanied by alterations in synaptic plasticity in ACC (Zhao et al., 2005a; Hayashi et al., 2007) . These findings suggest that the dysfunction of ACC attributable to lack of FMRP may be responsible for certain types of mental disorders in fragile X syndrome. Electrophysiological and behavioral studies in animals found that the mGluRs in ACC may contribute to activity-dependent synaptic plasticity and behavioral fear memory (Wei et al., 1999; Tang et al., 2005) . It is conceivable that mGluRs may regulate the expression of FMRP in ACC neurons, and the loss of this signaling pathway may contribute to the pathogenesis of fragile X syndrome. However, previous studies of the regulation of FMRP by mGluRs are mostly performed in hippocampus, and no study has been reported for the signaling pathway linking mGluRs and FMRP in ACC.
In the present study, we have demonstrated that activation of group I mGluRs increased FMRP in neurons from adult mouse cingulate slices. Using gene KO mice lacking adenylyl cyclase 1 (AC1) or calcium/calmodulin-dependent kinase IV (CaMKIV), we found that both AC1 and CaMKIV contribute to the upregulation of FMRP by (RS)-3,5-dihydroxyphenylglycine (DHPG), an agonist of group I mGluRs. By measuring the activation of cAMP-dependent protein kinase (PKA) and cAMP response element-binding protein (CREB), we provide evidence that PKA is activated by stimulating group I mGluRs through AC1; DHPG application also activated CREB, and both AC1 and CaMKIV are involved in the activation of CREB. Because the CREB pathway is not affected in Fmr1 KO mice, we propose that activation of group I mGluRs may upregulate FMRP through the Ca 2ϩ -stimulated CREB signaling pathway.
Materials and Methods
Animals. Adult male C57BL/6 mice were used in most of experiments. Mutant male mice lacking AC1, AC8, or CaMKIV KO mice were derived as described previously and bred for several generations (F12-F16) on C57BL/6 background (Wei et al., 2002a (Wei et al., ,b, 2006 . Wild-type (WT) mice from littermates of the mutant mice were also used as additional control mice. Fmr1 WT and KO mice of the FVB.129P2-Fmr1tm1Cgr strain were generously provided by Dr. W. T. Greenough (University of Illinois at Urbana-Champaign, Urbana, IL), the mice were generated and maintained as reported previously (Weiler et al., 2004; Zhao et al., 2005a) . All mice were housed under a 12 light/dark cycle with food and water provided ad libitum. All mouse protocols are in accordance with National Institutes of Health guidelines and approved by the Animal Care and Use Committee of University of Toronto.
Drugs and antibodies. DHPG, (2 R,4 R)-4-aminopyrrolidine-2,4-dicarboxylate [(2 R,4 R)-APDC], (1S,3R,4S
)-1-aminocyclopentane-1,3,4-tricarboxylic acid (ACPT-I), 6 methoxy-N-(4-methoxyphenyl)-4-quinazolinamine hydrochloride (MPMQ), 3-amino-6-chloro-5-dimethylamino-N-2-pyridinylpyrazinec arboxamide hydrochloride (ACDPP), and KT5720 [(9R, 10 S, 3, 9, 10, 11, 2, 2Ј, pyrrolo [3,4-i] [1,6]benzodiazocine-10-carboxylicacid hexyl ester] were purchased from Tocris Bioscience (Ellisville, MO). Actinomycin D, cyclopiazonic acid (CPA), nifedipine (Nif), phosphatase inhibitor cocktail, and phosphatase inhibitor cocktail 1 and 2 were purchased from Sigma (St. Louis, MO). The anti-FMRP antibody, horseradish peroxidase-linked goat anti-mouse IgG, and goat anti-rabbit IgG for Western blot were purchased from Millipore Bioscience Research Reagents (Temecula, CA). The anti-CREB antibody and anti-phosphorylated-CREB (pCREB) antibody were purchased from Cell Signaling Technology (Danvers, MA). The antiactin antibody was from Sigma. The anti-CaMKIV antibody was from BD Biosciences (San Jose, CA).
Brain slice preparations. Mice were anesthetized with 2% halothane, and brain slices (300 m) containing ACC were cut at 4°C using a vibratome, in oxygenated artificial CSF (ACSF) containing the following (in mM): 124 NaCl, 2 KCl, 26 NaHCO 3 , 2 CaCl 2 , 2 MgSO 4 , 1 NaH 2 PO 4 , and 10 D-glucose, pH 7.4. The slices were slowly brought to final temperature of 30°C in ACSF gassed with 95% O 2 /5% CO 2 and incubated for at least 1 h before experiments. Slices then were exposed to different compounds of interest for the indicated times and snap frozen over dry ice. For biochemical experiments, the ACC regions were microdissected and sonicated in ice-cold homogenization buffer containing phosphatase and protease inhibitors. For electrophysiology and calcium imaging, brain slices were transferred to a submerged recovery chamber with oxygenated ACSF at room temperature.
Immunohistochemistry. The ACC sections from the control and DHPG treatment group were processed simultaneously to allow the same condition and time for DAB staining. Cryostat-cut brain sections (30 m) were processed with mouse anti-FMRP (1:500) and rabbit anti-pCREB antibody (1:500). The avidin-biotin protocol was used as described previously (Wei et al., 2002b) . Images were collected on an Olympus (Tokyo, Japan) BX 60 microscope and analyzed using NIH Image J software (Scion, Frederick, MD) .
Western blot analysis. Western blot was conducted as described previously . The brain tissues were dissected and homogenized in lysis buffer containing 10 mM Tris-HCl, pH 7.4, 2 mM EDTA, 1% SDS, 1ϫ protease inhibitor cocktail, and 1ϫ phosphatase inhibitor cocktail 1 and 2. Protein was quantified by Bradford assay. Electrophoresis of equal amounts of total protein was performed on SDS-polyacrylamide gels. Separated proteins were transferred to polyvinylidene fluoride membranes at 4°C for analysis. Membranes were probed with 1:3000 dilution of anti-FMRP, 1:1000 dilution of anti-pCREB (Ser133) and anti-CREB, or 1:2000 dilution of anti-CaMKIV antibodies. The membranes were incubated in the appropriate horseradish peroxidase-coupled secondary antibody diluted 1:3000 for 1 h followed by enhanced chemiluminescence detection of the proteins with Western lightning chemiluminescence reagent plus according to the instructions of the manufacturer. To verify equal loading, membranes were also probed with 1:3000 dilution of anti-actin antibody. The density of immunoblots was measured using NIH ImageJ program.
Reverse transcription-PCR. The total RNA from the ACC was isolated using RNAspin Mini kit (GE Healthcare, Little Chalfont, UK). Reverse transcription (RT)-PCR was performed using SuperScript One-Step RT-PCR System with Platinum TaqDNA Polymerase. A 25 l PCR containing 0.5 g of total RNA, 5 l of 5ϫ RT-PCR buffer, 400 M dNTP, 0.5 M of each primer, and 1 l of RT-PCR enzyme. PCR conditions were adjusted to be in a linear range of amplification. The PCR cycles consisted of initial incubation at 94°C for 1 min; denaturation at 94°C for 45 s; annealing at 56°C for 45 s; and extension at 72°C for 1 min, for 30 cycles, and final extension at 72°C for 10 min. The primers for Fmr1 used in this experiment were as follows: sense, 5Ј-CCGAACAGATAATCGTCCACG-3Ј; antisense, 5Ј-ACGCTGTCTGGCTTTTCC TTC-3Ј. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as an internal control by using the following primer sets: sense, 5-AACGACCCCTTCATTGAC-3Ј; antisense 5Ј-TCCACGACATACTCAGCAC-3Ј. RT-PCR products were electrophoresed on 1.5% agarose gels and visualized under UV light by ethidium bromide staining. The relative density of bands was analyzed by the NIH ImageJ program.
cAMP assay. After treatment with DHPG, the ACC tissues were harvested and lysed in 0.1 M HCl. Direct cAMP measurements were performed using the direct cAMP enzyme immunoassay kit (Assay Designs, Ann Arbor, MI) according to the protocol of the manufacturer. Phosphodiesterase was inhibited by the addition of 1 mM 3-isobutyl-1 methylxanthine (Sigma) in this process.
PKA activity assay. The PKA activity was measured using the PKA kinase activity kit (Assay Designs). The relative PKA activity in the samples was calculated according to the following formula: relative kinase activity ϭ [absorbance of samples Ϫ absorbance of blank]/quantity of protein used in per assay.
Whole-cell patch-clamp recording. Brain slices were transferred to a recording chamber and perfused with oxygenated ACSF solution at 3-4 ml/min at room temperature. Whole-cell patch-clamp recordings were made on the soma of ACC pyramidal neurons. Recording electrodes (2-3 M⍀) contained an K ϩ -based internal solution composed of the following (in mM): 120 K-gluconate, 5 NaCl, 1 MgCl 2 , 0.5 EGTA, 0.1 Na 3 GTP, 10 HEPES, and 0.4 Oregon green BAPTA-1 (OGB-1), pH 7.2 (280 -300 mOsm). Unless otherwise stated, the membrane potential was held at Ϫ60 mV for neurons throughout all experiments. To record DHPGinduced current, tetrodotoxin (1 mM) was added in the ACSF. Data were amplified and filtered at 2 kHz by a patch-clamp amplifier (Axopatch 200B), digitalized (DIGIDATA 1322A), stored, and analyzed by pClamp (Molecular Devices, Union City, CA).
Calcium imaging. OGB-1 (0.4 mM; Invitrogen, Carlsbad, CA) was dialyzed into ACC neurons by whole-cell patch pipette. After entering whole-cell mode, the cells were maintained for Ͼ10 min to allow for filling with OGB-1 before image acquisition. Fluorescent signals were imaged by confocal microscope (Fluoview FV 1000; Olympus). The laser with a wavelength of 488 nm was used for excitation, and fluorescence was recorded through a bandpass filter (500 -550 nm). The images were acquired using 40ϫ 0.8 numeric aperture water-immersion objectives every 5 s after a 188 ms exposure to 488 nm light. XYT image galleries were collected, and average fluorescence intensity in the soma was measured for the quantification. The intensity was expressed as F/F 0 , where F 0 is the fluorescence intensity before DHPG treatment.
Data analysis. Statistical comparisons were made using the paired t test or one-way or two-way ANOVA (Student-Newman-Keuls test was used for post hoc comparison). All data were presented as the mean Ϯ SEM. In all cases, p Ͻ 0.05 is considered statistically significant.
Results
Activation of group I mGluRs upregulates FMRP in the ACC neurons Previous studies of the regulation of FMRP by mGluRs have mainly been performed in cultured cortical neurons and hippocampal slices (Weiler et al., 1997; Todd et al., 2003; Hou et al., 2006) . In this study, we investigated the effects of mGluR activation on the expression of FMRP in ACC slices from adult mice. By immunohistochemistry, we found FMRP was well expressed in the ACC at the basal condition. Application of the group I mGluR agonist DHPG (100 M) to ACC slices for 30 min caused a widespread increase of FMRP immunoreactivity from layers II-VI in the ACC (Fig. 1 A) . The increase of FMRP levels by DHPG in the ACC was also measured by Western blot (196 Ϯ 11% of the control levels; p Ͻ 0.01 compared with control; n ϭ 6) ( Fig. 1 B) . In contrast, bath application of the group II mGluR agonist (2 R,4 R)-APDC (10 M) or group III mGluR agonist ACPT-I (100 M) for 30 min did not cause changes in FMRP levels in the ACC slices ( p Ͼ 0.05 compared with control; n ϭ 4) (Fig. 1C) . These data indicate that activation of group I mGluRs upregulates FMRP in ACC neurons.
The effect of DHPG on FMRP expression was further characterized in ACC slices. We found that the FMRP levels were increased by DHPG (10 -150 M) in a dose-dependent manner. The highest level of FMRP was observed at 100 M, whereas DHPG at 150 M did not cause additional increase in FMRP level ( p Ͻ 0.01 compared with control; n ϭ 4) (Fig. 1 D) . In addition, DHPG (100 M) increased FMRP expression in a time-dependent manner, the increase could be observed at 15 min, the highest level was reached after 30 min ( p Ͻ 0.01 compared with control; n ϭ 4) ( Fig. 1 E) .
The group I mGluRs consist of two subtypes, mGluR1 and mGluR5 (Coutinho and Knopfel, 2002; Thuault et al., 2002; Moult et al., 2006) . To identify which group I mGluR subtype(s) was responsible for the increase of FMRP caused by DHPG, we applied DHPG (100 M) to ACC slices in the presence of either the selective mGluR1 antagonist MPMQ (10 M) or a specific mGluR5 antagonist of ACDPP (10 M). We found that the increase of The highest level of FMRP was seen at 100 M; DHPG at higher concentration (150 M) did not cause additional increase of FMRP. E, DHPG (100 M) increased FMRP in a time-dependent manner, the increase was observed at 15 min, and the highest increase was reached at 30 min. F, The increase of FMRP caused by DHPG was partially blocked by the selective mGluR1 antagonist MPMQ (10 M) or a specific mGluR5 antagonist of ACDPP (10 M); the presence of the group I mGluR antagonist DL-AP-3 (100 M) completely blocked the increase of FMRP caused by DHPG in ACC slices. The antagonists were applied to slices 20 min before and during the DHPG treatment. Representative Western blot (top) and quantification data (bottom) of FMRP levels are shown for corresponding treatments from B-F. Data were normalized by the control values. *p Ͻ 0.05, **p Ͻ 0.01 compared with control; # p Ͻ 0.05, ## p Ͻ 0.01 compared with DHPG treatment; n ϭ 3 mice for each group in A; n ϭ 6 mice for each group in B; n ϭ 4 mice for each group in C-F.
FMRP caused by DHPG was only partially blocked by MPMQ or ACDPP ( p Ͻ 0.05 compared with control or compared with DHPG treatment; n ϭ 4) ( Fig. 1 F) . However, the presence of group I mGluR antagonist DL-AP-3 (100 M) completely blocked the increase of FMRP caused by DHPG in ACC slices ( p Ͻ 0.01 compared with DHPG treatment; n ϭ 4) (Fig. 1 F) . These data confirm that group I mGluRs, including mGluR1 and mGluR5, regulate FMRP in ACC neurons.
Calcium is critical for the regulation of FMRP by group I mGluRs
During group I mGluR activation, Ca 2ϩ could be released from IP 3 -sensitive intracellular stores and acts as a second messenger (Rae et al., 2000; Fitzjohn et al., 2001; Coutinho and Knopfel, 2002; Heinke and Sandkuhler, 2007) . The sarco/endoplasmic reticulum Ca 2ϩ /ATPase (SERCA) pump inhibitor cyclopiazonic acid depletes intracellular stores of Ca 2ϩ by blocking Ca 2ϩ reuptake into the stores (Rae et al., 2000; Heinke and Sandkuhler, 2007) . To examine the role of Ca 2ϩ release from intracellular stores in the upregulation of FMRP by DHPG, CPA (30 M) was applied to ACC slices 20 min before and during the DHPG (100 M, 30 min) treatment. We found that the upregulation of FMRP by DHPG was partially blocked by cyclopiazonic acid (193 Ϯ 7 and 132 Ϯ 9% of the control levels for DHPG and CPA treatment, respectively; p Ͻ 0.05 compared with DHPG treatment; n ϭ 6) (Fig. 2 A) .
Activation of group I mGluRs can facilitate L-type voltage-dependent Ca 2ϩ channels (L-VDCCs) in different cell types (Chavis et al., 1995 (Chavis et al., , 1996 Heinke and Sandkuhler, 2005) . DHPG treatment may induce Ca 2ϩ influx through L-VDCCs in striatal neurons (Mao and Wang, 2003) . Here, we found that application of L-VDCC blocker Nif (25 M) 20 min before and during the DHPG treatment also partially blocked the increase of FMRP caused by DHPG (198 Ϯ 12 and 146 Ϯ 11% of the control levels for DHPG and nifedipine treatment, respectively; p Ͻ 0.05 compared with DHPG treatment; n ϭ 6) (Fig. 2 B) . In addition, coapplication of cyclopiazonic acid with nifedipine almost completely blocked the upregulation of FMRP by DHPG treatment (190 Ϯ 1% and 106 Ϯ 11% of the control levels for DHPG and CPA plus nifedipine treatment, respectively; p Ͻ 0.01 compared with DHPG treatment; n ϭ 6) (Fig. 2C) . In contrast, cyclopiazonic acid, nifedipine, or coapplication of cyclopiazonic acid and nifedipine did not affect the basal levels of FMRP in ACC slices ( p Ͼ 0.05 compared with control; n ϭ 4) (Fig. 2 D) . These data indicate that both Ca 2ϩ release from intracellular stores and Ca 2ϩ influx through L-VDCCs are required for the regulation of FMRP by group I mGluRs in ACC neurons.
AC1 contributes to the upregulation of FMRP in the ACC neurons
The cAMP signaling pathway contributes to the activitydependent synaptic plasticity in ACC neurons (Wei et al., 2002b (Wei et al., , 2006 Liauw et al., 2005; Zhuo, 2008) . The group I mGluRs have been shown to potentiate cAMP accumulation in cultured striatal neurons, striatum, and cerebral cortex (Cartmell et al., 1997 (Cartmell et al., , 1998 Schaffhauser et al., 1997) . Among the cAMP signaling pathway, AC1 and AC8 are the two major Ca 2ϩ /calmodulin-stimulated AC isoforms (Cooper et al., 1998; Sunahara and Taussig, 2002; Wang and Storm, 2003; Cooper and Crossthwaite, 2006) . No study has been reported for the involvement of AC1 and AC8 in the mGluR signaling pathway. Here we first used the AC1&8 double KO (DKO) mice to explore the role of Ca 2ϩ /calmodulin-stimulated ACs in the regulation of FMRP by group I mGluRs. We found that, although the basal FMRP levels were unaltered in ACC of AC1&8 DKO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 4) ( Fig. 3A) , the increase of FMRP caused by DHPG (100 M, 30 min) was partially blocked in AC1&8 DKO mice compared with WT mice ( p Ͻ 0.05 compared with WT mice; n ϭ 4) (Fig. 3B) . These findings indicate that Ca 2ϩ /calmodulin-stimulated ACs are involved in the regulation of FMRP by group I mGluRs in ACC neurons.
To address the specific roles of AC1 and AC8 in the upregulation of FMRP by stimulating group I mGluRs, we tested the effect of DHPG (100 M, 30 min) in ACC slices from AC1 KO or AC8 KO mice, respectively. By Western blot, we found that there was no difference in the basal levels of FMRP in ACC slices between WT and AC1 KO or AC8 KO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 6) (Fig. 3C,D) . After ACC slices were treated with DHPG for 30 min, we found that the increase of FMRP in ACC slices from AC1 KO mice was attenuated compared with WT mice (198 Ϯ 10 and 138 Ϯ 9% of the WT control levels for WT and AC1 KO mice, respectively; p Ͻ 0.05 compared with WT mice; n ϭ 6) (Fig. 3E) . However, the increase of FMRP attributable to DHPG treatment was not changed in ACC slices from AC8 KO mice (197 Ϯ 14 and 194 Ϯ 17% of the WT control levels for WT and AC8 KO mice, respectively; p Ͼ 0.05 compared with WT mice; n ϭ 6) (Fig. 3F ) . These results indicate that AC1, but not AC8, contributes to the regulation of FMRP by group I mGluRs in ACC neurons.
CaMKIV acts downstream of group I mGluRs in the ACC neurons
CaMKIV is a key effector in neuronal Ca 2ϩ signaling and functions as a transcriptional activator (Bito et al., 1997; Ho et al., 2000; Hook and Means, 2001) . It is expressed in both nuclei and cytosol of neurons in several brain regions, including cortex, cerebellum, hippocampus, and amygdala (Means et al., 1991; Sun et al., 1995; Ho et al., 2000) . CaMKIV has been implicated in many aspects of neuronal Ca 2ϩ signaling, including gene expression in response to excitatory neurotransmission (Ho et al., 2000; Hook and Means, 2001; Wei et al., 2002a) . To explore the possible role of CaMKIV in the upregulation of FMRP by stimulating group I mGluRs, we tested the effect of DHPG (100 M, 30 min) treatment in ACC slices from CaMKIV KO mice. We found that there was no difference in the basal levels of FMRP in ACC slices between WT and CaMKIV KO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 4) (Fig. 4 A) . However, after the treatment with DHPG for 30 min, we found that the increase of FMRP was partially blocked in ACC slices from CaMKIV KO mice compared with WT mice (202 Ϯ 10 and 139 Ϯ 11% of the WT control levels for WT and CaMKIV KO mice, respectively; p Ͻ 0.05 compared with WT mice; # p Ͻ 0.05 compared with WT; n ϭ 4 mice for each group in A and B; n ϭ 6 mice for each group in C-F. n ϭ 4) (Fig. 4 B) . The data indicate that CaMKIV also acts as a downstream effector for group I mGluRs and contributes to the regulation of FMRP by group I mGluRs in ACC neurons.
Upregulation of FMRP by group I mGluRs occurs at the transcription level
One previous study has shown that stimulation of group I mGluRs with DHPG induces the increase of FMRP in a protein synthesis-dependent manner in hippocampus CA1 area (Hou et al., 2006) . To examine whether the upregulation of FMRP by stimulating group I mGluR occurs at the transcriptional or translational level in ACC neurons, we tested the effect of inhibiting gene transcription in ACC neurons. We found that pretreatment with a transcription inhibitor, actinomycin D (40 M), 20 min before and during DHPG application (100 M, 30 min) abolished the DHPG-induced increase of FMRP in ACC slice (187 Ϯ 10 and 103 Ϯ 13% of the control levels for DHPG and actinomycin D treatment, respectively; p Ͻ 0.01 compared with DHPG treatment; n ϭ 6) (Fig. 5A) . The data indicate that the regulation of FMRP by I mGluRs occurs at the transcriptional level.
Can Fmr1 mRNA be newly transcribed by stimulating I mGluRs in ACC neurons? To address this, we measured the levels of Fmr1 mRNA by RT-PCR. We found that DHPG (100 M, 15 min) treatment could increase the levels of Fmr1 mRNA in ACC slices (220 Ϯ 12% of the control levels; p Ͻ 0.01 compared with control; n ϭ 4) (Fig. 5B) . There was no difference in the basal levels of Fmr1 mRNA in ACC between WT and AC1 or CaMKIV KO mice ( p Ͼ 0.05; n ϭ 4) (Fig. 5C,D) . However, the increase of Fmr1 mRNA caused by DHPG treatment was partially blocked in ACC slices from AC1 or CaMKIV KO mice ( p Ͻ 0.05 compared with WT mice; n ϭ 4) (Fig. 5C,D) . These data further confirm that group I mGluR activation upregulates FMRP at the transcriptional level, and AC1 and CaMKIV are required for the transcriptional regulation of FMRP by group I mGluRs in ACC neurons.
PKA is activated by stimulating group I mGluRs
Once activated by Ca 2ϩ /calmodulin, the Ca 2ϩ /calmodulinstimulated ACs convert ATP to cAMP (Sunahara and Taussig, 2002; Cooper, 2003; Wang and Storm, 2003) . To further characterize the roles of Ca 2ϩ and Ca 2ϩ /calmodulin-stimulated ACs in the regulation of FMRP by group I mGluRs, we measured the cAMP levels in ACC neurons. We found that application of DHPG (100 M, 15 min) increased the cAMP levels in ACC slice. We then tested the effects of SERCA pump inhibitor cyclopiazonic acid and L-VDCC blocker Nif (25 M). We found that application of CPA (30 M) or Nif (25 M) before and during DHPG treatment could partially block the increase of cAMP caused by DHPG ( p Ͻ 0.05 compared with DHPG treatment; n ϭ 4) (Fig. 6 A) , and the increase of cAMP was completely blocked by coapplication of cyclopiazonic acid and nifedipine ( p Ͻ 0.01 compared with DHPG treatment; n ϭ 4) (Fig. 6 A) . In contrast, cyclopiazonic acid, nifedipine, or coapplication of cyclopiazonic acid and nifedipine did not affect the basal levels of cAMP in ACC slices ( p Ͼ 0.05 compared with control; n ϭ 4) (Fig. 6 B) . We next measured the cAMP levels in ACC slices from AC1 KO or AC8 KO mice. We found that the increase of cAMP caused by DHPG treatment was blocked in AC1 KO mice ( p Ͻ 0.05 compared with WT; n ϭ 4) (Fig. 6C) but not in AC8 KO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 4) (Fig. 6C) , whereas the basal levels of cAMP was not affected in ACC slices from AC1 KO or AC8 KO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 4) (Fig.  6C ). These results demonstrate that both the intracellular calcium stores and external calcium influx through L-VDCC are required for the cAMP production after stimulation of group I mGluRs, and AC1 is specifically involved in this process.
The cellular effects of cAMP are mediated by PKA, a major cAMP target, followed by the phosphorylation of relevant proteins (Sunahara and Taussig, 2002; Cooper, 2003; Wang and Storm, 2003) . To investigate the role of PKA in the regulation of FMRP by group I mGluRs, we next measured the PKA activity in ACC slices. At the basal condition, there was no difference in the PKA activity in ACC slices between WT and AC1 KO or AC8 KO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 4) (Fig. 6 A, B) . DHPG (100 M, 15 min) treatment could increase the PKA activity in ACC slices, as measured by the active PKA assay ( p Ͻ 0.01 compared with DHPG treatment; n ϭ 4) (Fig. 6 D) . However, the increase of PKA activity induced by DHPG was blocked in ACC slices from AC1 KO mice ( p Ͻ 0.01 compared with WT; n ϭ 4) (Fig. 6 D) but not AC8 KO mice ( p Ͼ 0.05 compared with WT mice; n ϭ 4) (Fig. 6 D) . These results indicate that PKA is activated by stimulating group I mGluRs in ACC neurons, and AC1 plays a critical role in this activation.
To further confirm the role of PKA in the regulation of FMRP by group I mGluRs in ACC neurons, we then tested the effect of KT5720, a cell-permeable PKA inhibitor (Moore and Kennedy, 2006; Huang and Kandel, 2007) . We found that application of KT5720 (10 M) 15 min before and during DHPG (100 M, 30 min) treatment could partially block the increase of pCREB caused by DHPG (187 Ϯ 13 and 148 Ϯ 10% of the control levels for DHPG and KT5720 treatment, respectively; p Ͻ 0.05 compared with DHPG treatment; n ϭ 4) (Fig. 6 E) . Furthermore, application of KT5720 to ACC slices from CaMKIV KO mice could completely block the increase of FMRP caused by DHPG (154 Ϯ 12 and 103 Ϯ 9% of the control levels for DHPG and KT5720 treatment, respectively; p Ͻ 0.05 compared with DHPG treatment; n ϭ 4) (Fig. 6 F) . However, application of KT5720 (10 M, 15 min) did not affect the basal levels of FMRP in ACC slices from WT or CaMKIV KO mice ( p Ͼ 0.05 compared with the control; n ϭ 4) (Fig. 6 E, F ) . These data further support the conclusion that the PKA signaling pathway is involved in the regulation of FMRP by group I mGluRs in ACC neurons.
CREB is activated by stimulating group I mGluRs pCREB binds to the cAMP response element (CRE) site in the gene promoter and activates gene transcription (Bito et al., 1997; Lu et al., 1999; Shaywitz and Greenberg, 1999) . Previous studies have shown that activation of group I mGluRs can induce the phosphorylation of CREB and subsequent expression of immediate early gene in cultured striatal neurons (Mao and Wang, 2003; Voulalas et al., 2005; Warwick et al., 2005) . It has been reported that the FMR1 gene promoter contains the CRE site (Hwu et al., 1997; Garber et al., 2006) , suggesting that CREB may be involved in the regulation of FMR1 gene transcription by group I mGluR activation.
Next, we proceeded to explore whether CREB could be activated by stimulating group I mGluRs in ACC neurons. We checked the phosphorylation of CREB at Ser133 residue, which is phosphorylated by PKA. By immunohistochemistry, we found that pCREB could be expressed at lower level in ACC at the basal condition. The immunoreactivity of pCREB was homogeneously increased by DHPG (100 M, 15 min) treatment in the cells from layers II-VI of ACC slices (Fig. 7A) . The increase of pCREB caused by DHPG in ACC slices was also measured by Western blot (221 Ϯ 15% of the control levels; p Ͻ 0.01 compared with control; n ϭ 6) (Fig. 7B) . The data suggest that the regulation of FMRP by group I mGluRs in ACC neurons likely occurs through CREB activation.
AC1 and CaMKIV are involved in CREB activation Ca 2ϩ
/calmodulin-dependent AC isoforms have been shown to be involved in the activation of PKA and the transcription factor CREB (Shaywitz and Greenberg, 1999; Kornhauser et al., 2002; Wei et al., 2002b; Wang et al., 2007) . It is possible that AC1 or AC8 may contribute to the activation of CREB caused by stimulating group I mGluRs. We then tested the phosphorylation of CREB induced by DHPG (100 M, 15 min) in ACC slices from AC1 KO or AC8 KO mice. We found that the phosphorylation of CREB induced by DHPG treatment in ACC slices from AC1 KO mice was significantly reduced compared with WT mice (223 Ϯ 11 and 152 Ϯ 10% of the WT control levels for WT and AC1 KO mice, respectively; p Ͻ 0.05 compared with WT mice; n ϭ 6) (Fig. 7C) . However, there is no difference in the phosphorylation of CREB after DHPG treatment in ACC slices between AC8 KO and WT mice (225 Ϯ 13 and 227 Ϯ 15% of the WT control levels for WT and AC8 KO mice, respectively; p Ͼ 0.05 compared with WT mice; n ϭ 6) (Fig. 7D) . These findings suggest that AC1 plays an isoform-specific role in the phosphorylation of CREB induced by stimulating group I mGluRs in ACC neurons.
To further confirm the role of PKA in the phosphorylation of CREB induced by stimulating group I mGluRs in the ACC neurons, we tested the effect of the PKA inhibitor KT5720. We found that KT5720 (10 M, 15 min) did affect the basal levels of pCREB in ACC neurons ( p Ͼ 0.05 compared with control; n ϭ 4) (Fig. 7E) . However, application of KT5720 (10 M) 15 min before and during DHPG (100 M, 15 min) treatment could partially block the increase of pCREB caused by DHPG (216 Ϯ 12 and 151 Ϯ 8% of the control levels for DHPG and KT5720 treatment, respectively; p Ͻ 0.05 compared with DHPG treatment; n ϭ 4) (Fig. 7E) . The data indicate that PKA is required for the activation of CREB by stimulating group I mGluRs in ACC neurons.
CaMKIV activates the transcription factor CREB by phosphorylating CREB on the regulatory Ser133 residue (Bito et al., 1997; Hook and Means, 2001) . To investigate whether CaMKIV is involved in the phosphorylation of CREB caused by stimulating group I mGluRs, we then tested the phosphorylation of CREB induced by DHPG (100 M, 15 min) in ACC slices from CaMKIV KO mice. We found that the basal levels of pCREB were not changed in ACC slices from CaMKIV KO mice ( p Ͼ 0.05 compared with control; n ϭ 4) (Fig. 7F) . However, the phosphorylation of CREB induced by DHPG treatment was partially blocked in ACC slices from CaMKIV KO mice compared with WT mice (221 Ϯ 12 and 149 Ϯ 9% of the WT control levels for WT and CaMKIV KO mice, respectively; p Ͻ 0.05 compared with WT mice; n ϭ 4) (Fig. 7F) . These results indicate that CaMKIV contributes to the phosphorylation of CREB induced by stimulating group I mGluRs in ACC neurons. The application of KT5720 (10 M) 15 min before and during DHPG (100 M, 15 min) treatment completely blocked the increase of pCREB caused by DHPG in ACC slices from CaMKIV KO mice (159 Ϯ 15 and 104 Ϯ 11% from CaMKIV KO mice (159 Ϯ 15 and 104 Ϯ 11% of the control levels for DHPG and KT5720 treatment, respectively; p Ͻ 0.05 compared with DHPG treatment; n ϭ 4) (Fig. 7G) . The results further indicate that PKA and CaMKIV are the key molecules that phosphorylate CREB during group I mGluR activation in ACC neurons. studies suggest that the mGluRs in ACC may contribute to the activity-dependent synaptic plasticity and fear memory (Wei et al., 1999; Tang et al., 2005) . Here we provide the direct biochemical evidence that activation of group I mGluRs upregulates FMRP in ACC neurons of adult mice. The upregulation of FMRP by group I mGluRs occurs at the transcriptional level. The activation of group I mGluRs induced the phosphorylation of CREB in ACC neurons. AC1 and CaMKIV, but not AC8, contribute to the upregulation of FMRP and the phosphorylation of CREB induced by stimulating group I mGluRs. The activation of group I mGluRs is linked to PKA through AC1. To our knowledge, this is the first time to show how the expression of FMRP is regulated in ACC neurons. Our results have provided novel evidence that FMRP acts as a key intracellular messenger downstream of Ca 2ϩ /calmodulindependent signaling pathways.
Ca
2؉ and the expression of FMRP during group I mGluR activation Ca 2ϩ signaling pathway plays a pivotal role in synaptic plasticity (Bito et al., 1997; Shaywitz and Greenberg, 1999; West et al., 2001 ). Ca 2ϩ is released from IP 3 -sensitive intracellular stores during group I mGluR activation (Rae et al., 2000; Rae and Irving, 2004; Heinke and Sandkuhler, 2007) . In this study, we found that application of sarco/endoplasmic reticulum Ca 2ϩ / ATPase pump inhibitor cyclopiazonic acid before and during group I mGluR activation partially blocked the upregulation of FMRP attributable to group I mGluR activation. Another possible source for intracellular Ca 2ϩ is Ca 2ϩ influx through L-VDCCs. Previous studies have shown that membrane depolarization by DHPG treatment can trigger the opening of L-VDCCs (Bianchi et al., 1999; Mao and Wang, 2003) . We found that application of the L-VDCC blocker nifedipine also partially blocked the upregulation of FMRP attributable to group I mGluR activation. When the sarco/endoplasmic reticulum Ca 2ϩ /ATPase pump inhibitor cyclopiazonic acid was coapplied with nifedipine to ACC slices, the upregulation of FMRP was almost completely blocked. It indicates that both Ca 2ϩ release from intracellular stores and Ca 2ϩ influx from L-VDCCs are necessary for the upregulation of FMRP attributable to group I mGluR activation. The role of calcium in the regulation of FMRP by group I mGluRs suggests that the downstream Ca 2ϩ -dependent signaling cascades might be involved in this process. AC1, CaMKIV, and the regulation of FMRP by group I mGluRs Ca 2ϩ /calmodulin-stimulated ACs serve as the transducer of Ca 2ϩ signaling in synaptic plasticity and neuronal survival (Wei et al., 2002b; Liauw et al., 2005; Wang et al., 2007; Zhuo, 2008) . AC1 and AC8 are the two major AC isoforms stimulated by Ca 2ϩ /calmodulin in neurons (Cooper et al., 1998; Sunahara and Taussig, 2002; Watts, 2007) . In this study, we found that genetic deletion of AC1, but not AC8, could partially block the increase of FMRP induced by group I mGluR activation. In addition, we showed that PKA is required for the upregulation of FMRP by group I mGluRs; AC1, rather than AC8, is involved in the activation of PKA by group I mGluRs. These results indicate that AC1, but not AC8, is critical for the upregulation of FMRP by stimulating group I mGluRs. The isoform-specific role of AC1 might be explained by the fact that AC1 is more sensitive to Ca 2ϩ than AC8, and its calcium sensitivity is approximately fivefold lower than AC1 (Wang and Storm, 2003; Watts, 2007) . Thus, in contrast with AC8, AC1 is the major downstream effector for group I mGluRs in ACC neurons. Genetic deletion of AC1 or inhibition of PKA cannot fully block the increase of FMRP induced by group I mGluR activation, suggesting that AC1-PKA is not the only signaling pathway involved in this process.
It is well known that CaMKIV transduces Ca 2ϩ signaling and functions as a transcriptional activator in synaptic plasticity (Bito et al., 1997; Hook and Means, 2001; Wei et al., 2002a) . It is likely that CaMKIV might be involved in the signaling pathway downstream of group I mGluRs. By using the CaMKIV KO mice, we confirmed that CaMKIV acts downstream of group I mGluRs and contributes to the regulation of FMRP by group I mGluRs in ACC neurons. We also found that inhibiting PKA could completely block the increase of FMRP induced by stimulating group I mGluRs in ACC slice from CaMKIV KO mice. This result further supports the conclusion that both AC1-PKA and CaMKIV are required for the upregulation of FMRP by the activation of group I mGluR in ACC neurons.
CREB and the regulation of FMRP by group I mGluRs
The CREB is a transcriptional factor that plays an important role in synaptic plasticity (Bito et al., 1997; Kornhauser et al., 2002; Gong et al., 2007) . The activity of CREB is regulated by its phosphorylation; pCREB binds to the CRE site within the gene and activates the gene transcription (Bito et al., 1997; Shaywitz and Greenberg, 1999; Kornhauser et al., 2002) . Previous studies have shown that there is the CRE site in FMR1 promoter and implicated CREB in the regulation of the FMR1 gene transcription in neural cells (Hwu et al., 1997; Smith et al., 2006) . In this study, we found that the function of group I mGluRs and the phosphorylation of CREB attributable to group I mGluR activation in ACC neurons are not affected in Fmr1 KO mice, indicating that FMRP is downstream of the group I mGluR-CREB signaling pathway. This is the first time to provide direct evidence for the functions of mGluRs in ACC neurons of Fmr1 KO mice. Moreover, the group I mGluR-dependent regulation of FMRP in ACC neurons occurs at the transcriptional level, because new Fmr1 mRNA is transcribed, as shown by RT-PCR; the upregulation of FMRP is accompanied by the phosphorylation of CREB (Ser133). These results further support that CREB acts as a transcriptional factor for group I mGluR-dependent regulation of FMRP in the neurons.
There are several signaling pathways that lead to the activation of CREB (Fig. 9C) . Ca 2ϩ and cAMP are the principal second messengers that control the phosphorylation of CREB at its regulatory site (Ser133) (Bito et al., 1997; Shaywitz and Greenberg, 1999; Kornhauser et al., 2002) . pCREB can be used as a marker for the activation of ACs in the CNS (Wei et al., 2002b; Wang et al., 2007) . In this study, we found that pharmacological inhibition of PKA partially blocked the phosphorylation of CREB induced by DHPG in ACC slices, indicating that the cAMP-PKA signaling pathway in involved in this process. We then characterized the role of Ca 2ϩ /calmodulin-stimulated ACs in the phosphorylation of CREB induced by group I mGluR activation in ACC slices. We found that the phosphorylation of CREB induced by DHPG was attenuated in ACC slices from AC1 KO, but not AC8 KO mice, compared with WT mice. CaMKIV is implicated in various aspects of the neuronal Ca 2ϩ signaling pathways, inducing the phosphorylation of CREB and the gene expression in response to excitatory neurotransmission (Bito et al., 1997; Ho et al., 2000) . influx from L-VDCCs through membrane depolarization. Postsynaptic increases in Ca 2ϩ leads to activation of Ca 2ϩ -calmodulin (CaM)-dependent pathways. Among them, Ca 2ϩ and CaM-stimulated AC1 is activated, and this activation leads to the generation of the key second-messenger cAMP. Subsequently, cAMP activates the PKA. PKA then translocates to the nucleus and phosphorylates CREB. In addition to the cAMP-PKA pathway, rapid CaM translocation into the nucleus activates CaMKIV. CaMKIV then phosphorylates CREB. pCREB initiates the CREB-dependent transcription of Fmr1 gene and upregulates FMRP in the cytoplasm. FMRP may interact with several FRMP interactors and causes changes in neuronal functions in ACC.
We found that the phosphorylation of CREB induced by DHPG was partially blocked in ACC slices from CaMKIV KO mice. Moreover, pharmacological inhibition of PKA could completely block the increase of pCREB induced by DHPG in ACC of CaMKIV KO mice. Together, these data indicate that AC1 and CaMKIV are critically involved in the activation of CREB induced by stimulating group I mGluRs, AC1 and CaMKIV contribute to the regulation of FMRP through CREB activation in ACC neurons.
A previous study showed that the DHPG-induced increase of FMRP is protein synthesis dependent and depends on the activation of mGluR5 rather than mGluR1 in hippocampus (Hou et al., 2006) . In contrast, we found that the upregulation of FMRP by group I mGluRs occurs at the transcriptional level in cingulate cortex. In addition, the upregulation of FMRP depends on the activation of both mGluR1 and mGluR5 in ACC neurons. The differences between the findings from these two studies may be caused by the differences in the composition of neuronal types between hippocampus and cingulate cortex. Alternatively, the differences might reflect the possible functional diversity of group I mGluRs or FMRP in different brain areas. Future studies are definitely needed to study the mechanisms underlying the differences in the regulation of FMRP by group I mGluRs between hippocampus and cingulate cortex.
In summary, we have demonstrated that the activation of group I mGluRs upregulates FMRP in ACC neurons. Ca 2ϩ is the key messenger for the regulation of FMRP by group I mGluRs; the regulation occurs at the transcriptional level. The activation of CREB is involved in this process. AC1 and CaMKIV, the major Ca 2ϩ sensors, contribute to the upregulation of FMRP through the activation of CREB (for model, see Fig. 9C ). Our study has provided strong evidence for the regulation of FMRP by group I mGluRs in ACC neurons and may help to further elucidate the cellular mechanisms underlying fragile X syndrome.
